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ABSTRACT
Observations of the Milky Way (MW), M31, and their vicinity, known as the Local Group
(LG), can provide clues about the sources of reionization. We present a suite of radiative
transfer simulations based on initial conditions provided by the Constrained Local UniversE
Simulations (CLUES) project that are designed to recreate the Local Universe, including
a realistic MW-M31 pair and a nearby Virgo. Our box size (91 Mpc) is large enough to
incorporate the relevant sources of ionizing photons for the LG. We employ a range of source
models, mimicking the potential effects of radiative feedback for dark matter haloes between
∼108−109M⊙ . Although the LGmostly reionizes in an inside-out fashion, the final 40 per cent
of its ionization shows some outside influence. For the LG satellites, we find no evidence that
their redshift of reionization is related to the present-day mass of the satellite or the distance
from the central galaxy.We find that less than 20 per cent of present-day satellites for MW and
M31 have undergone any star formation prior to the end of global reionization. Approximately
five per cent of these satellites could be classified as fossils, meaning the majority of star
formation occurred at these early times. The more massive satellites have more cumulative
star formation prior to the end of global reionization, but the scatter is significant, especially at
the low-mass end. Present-day mass and distance from the central galaxy are poor predictors
for the presence of ancient stellar populations in satellite galaxies.
Key words: cosmology: dark ages, reionization, first stars — large-scale structure of universe
— galaxies: Local Group — dwarf galaxies — radiative transfer
1 INTRODUCTION
Hydrogen reionization, a major phase transition for the Universe, in-
duced significant changes in the intergalactic medium (IGM). This
process is highly spatially inhomogeneous, with the local reioniza-
tion history correlated with the environment of a given region. The
local ionization state impacts the local temperature and is related
the ionizing flux from both near and far sources. Therefore, the
timing and morphology of reionization impacts galaxy formation
and evolution. Clues from recent indirect measures have suggested
that the epoch of reionization is likely extended in time, with the
bulk occurring in the range 6 . z . 10 (e.g. Robertson et al. 2015;
Bouwens et al. 2015;Mitra et al. 2015). These observations include
high-redshift quasar spectra (e.g. Fan et al. 2006; Mortlock et al.
⋆ e-mail: K.Dixon@sussex.ac.uk
2011; Bolton et al. 2011; McGreer et al. 2015), the cosmic mi-
crowave background (CMB) polarization (Komatsu et al. 2011;
Planck Collaboration et al. 2016), IGM temperature measurements
(e.g. Theuns et al. 2002; Raskutti et al. 2012; Bolton et al. 2012),
and the decline of Lymanα (Lyα) emission in high-redshift galaxies
(e.g. Stark et al. 2010; Schenker et al. 2012; Pentericci et al. 2014;
Tilvi et al. 2014).
The process of reionization particularly affects low-mass ob-
jects, whose shallow gravitational potentials make their baryon con-
tent more susceptible to outside influence. Specifically, as reion-
ization progresses, the number of ionizing photons increases, and
the IGM is heated, which locally raises the Jeans mass. As has
been extensively studied, this increase delays and possibly sup-
presses the ability of low-mass haloes to form stars (in some cases
permanently, via photoevaporation), regulating ongoing reioniza-
tion (e.g. Efstathiou 1992; Barkana & Loeb 1999; Gnedin 2000;
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Shapiro et al. 2004; Iliev et al. 2005). The exact threshold below
which star formation cannot proceed and nature of this effect – a
sharp or gradual cutoff, full photoevaporation, or a shielded inner
region, etc. – is debated (e.g. Susa & Umemura 2004; Hoeft et al.
2006; Okamoto et al. 2008; Xu et al. 2016; Finlator et al. 2017).
Consequently, the observational signatures of this suppression are
unclear. Furthermore, as reionization is inhomogeneous and ex-
tended, the exact impact of reionization on a specific dwarf galaxy
is environmentally dependent and very difficult to assess.
The Local Group (LG), referring to the Milky Way (MW)
and M31 and their immediate vicinity, encompasses dwarf satel-
lite galaxies that are within the range of masses that should be
affected by reionization. Furthermore, their close proximity to us
makes measurement of their star formation histories (SFHs) pos-
sible. Generally, no widespread signature of reionization, strictly
interpreted as a cutoff for star formation around the time of reion-
ization (. 13 Gyr ago), is observed (Grebel & Gallagher 2004;
Aparicio et al. 2016); though many dwarf galaxies exhibit a de-
gree of quenching that is potentially consistent with reionization
(Weisz et al. 2014b; Brown et al. 2014; Skillman et al. 2016). The
exact nature of the effect of reionization on LG dwarf galax-
ies has been studied extensively from a theoretical perspective
with predictions ranging from full to partial quenching of star
formation (e.g. Ricotti & Gnedin 2005; Bovill & Ricotti 2011b;
Simpson et al. 2013; Benítez-Llambay et al. 2015).
For the LG as a whole, one important question is whether it
is reionized from the inside out or from the outside in. Past stud-
ies have generally found inside-out reionization by the LG’s own
sources, though exact assumptions about the efficiency of ioniz-
ing sources can alter this conclusion (Iliev et al. 2011; Ocvirk et al.
2014). Beyond purely theoretical considerations, this behaviour has
important consequences for galaxy formation simulations, including
the local ionizing flux and timing of reionization. Since reionization
is inhomogeneous and environmentally dependent, the most real-
istic distribution of nearby (especially large) objects is necessary
for an accurate picture of the history of our LG. Many simula-
tions have a small volume and/or only include one halo or an MW-
M31 pair of haloes (Gnedin & Kravtsov 2006; Okamoto & Frenk
2009; Bovill & Ricotti 2011a; Ocvirk et al. 2013). These simula-
tions, even if they include the effects of inhomogeneous reionization,
may miss the larger characteristic scales of this process (Iliev et al.
2014).
Many of the theoretical studies of the LG and associated
satellites and dwarf galaxies use semi-analytic methods (e.g.
Bullock et al. 2000; Benson et al. 2002; Somerville 2002) or an
N-body simulation with simplistic reionization (e.g. Kravtsov et al.
2004; Madau et al. 2008). Recent numerical studies have included
baryonic effects, finding good agreement with observed satellites
(e.g. Sawala et al. 2010, 2016; Wetzel et al. 2016). These all fail,
however, to include realistic, inhomogeneous reionization. To study
the question of the reionization of the LG and the satellites therein,
we employ a darkmatter (DM) simulation, produced by theCLUES1
collaboration, that is large enough to reproduce the mean global
reionization history, nearly 1003 Mpc3 in volume (Iliev et al. 2014).
Specifically, the initial conditions are constrained to reproduce the
spatial and velocity structure of the LG and its vicinity at the present
day. Importantly, a realistic MW, M31, Virgo (the largest nearby
cluster), local void, and Virgo filament are present, so their mutual
influences are captured. Even though satellitesmay not bewithin the
1 Constrained Local UniversE Simulations: www.clues-project.org
virial radius of the MW or M31 during reionization (Wetzel et al.
2015), the character of the neighbourhood of the LG progenitors
affects the reionization history of these satellites.
We combine this DM realization with full radiative transfer
(RT) simulations to track the evolution of the LG, including the
MW and M31 and their satellites, throughout cosmic reionization.
In this work, we are interested in what imprints the radiative feed-
back on low-mass galaxies might have left. We, therefore, separate
the ionizing sources into two distinct populations: high-mass ones,
with DM halo masses above ∼ 109M⊙ (high-mass, atomic-cooling
haloes, or ‘HMACHs’) that are unaffected by radiative feedback and
those between approximately 108 and 109M⊙ (low-mass, atomic-
cooling haloes, or ‘LMACHs’) that are susceptible to photoionizing
radiation. The 108M⊙ mass limit roughly corresponds to a virial
temperature of 104 K, below which the halo gas is unable to radia-
tively cool through hydrogen and helium atomic lines. Throughout
this work, we explore four distinct source models, varying the effi-
ciencies and degree of star formation suppression from reionization.
Recently, Ocvirk et al. (2016) presented theCosmicDawn sim-
ulation, the first fully coupled RT and hydrodynamics simulation
of the Local Universe. The same constrained initial conditions as
our simulations presented here were used, and the Cosmic Dawn
results are complementary. The radiative and supernovae feedback
in Cosmic Dawn is treated dynamically and is, thus, more realistic
and detailed. However, due to the large computational expense of
fully coupled simulations, Cosmic Dawn is just a single simulation,
using a particular set of physics parameters; while our simulations
investigate the effects of different subgrid models for the ionizing
sources and their suppression. The underlying N-body simulation
here also has significantly better spatial resolution than Cosmic
Dawn (which employs a particle-mesh gravity on a fixed grid), al-
lowing us to more reliably identify all star-forming satellite galaxy
progenitors.
The outline of the paper is as follows. In Section 2, we out-
line in detail our numerical methods, including our source models.
We present our global, as in the entire box, results in Section 3.1.
Section 3.2 details the reionization history and star formation for
satellites during reionization for the LG. In Section 4, we com-
pare our predictions with observational data. We then conclude in
Section 5.
2 METHODOLOGY
In this section, we outline the numerical methods used in this pa-
per. First, we describe the underlying N-body simulations created
to match the Local Universe at z = 0. Second, we introduce our RT
methods and the use of the N-body data products. Last, we describe
our source models in detail, specifically our radiative feedback as-
sumptions.
2.1 Constrained simulations of the Local Universe
The dark matter density and halo fields used in this work were ex-
tracted from a constrained simulation performed within the CLUES
project (Gottlöber et al. 2010; Yepes et al. 2014). The background
cosmology is Ωm = 0.279, h = 0.7,Ωb = 0.046, σ8 = 0.817, n =
0.96. The initial conditions were set to reproduce an MW and M31
galaxy pair, as well as the Virgo cluster, consistent with observa-
tions. Constrained simulations such as these use the observed radial
velocities of nearby galaxies as constraints for the generation of
initial conditions. These data only constrain scales larger than a
MNRAS 000, 1 (2016)
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Table 1. The present-day MW and M31 results.
galaxy Mz=0 x y z N
sats
z=0
N sats
z=6.5
(M⊙ ) (Mpc)
MW 1.13 × 1012 31.14 46.73 46.84 120 23
M31 1.59 × 1012 30.90 46.29 47.41 151 23
Table 2. Reionization simulation parameters and global reionization history results.
label run box size gγ gγ gγ mesh τes z10% z50% z90% zreion
(h−1Mpc) HMACH LMACH LMACHsupp
LG1 91Mpc_g1.7_0 64 1.7 0 0 2563 0.052 7.909 6.793 6.354 6.172
LG2 91Mpc_g1.7_7.1S 64 1.7 7.1 0 2563 0.053 8.172 6.905 6.418 6.231
LG3 91Mpc_g1.7_7.1pS 64 1.7 7.1 1.7 2563 0.062 9.026 7.712 7.180 7.020
LG4 91Mpc_g1.7_gS 64 1.7 1.7 equation (3) 2563 0.055 8.340 7.139 6.651 6.483
few Mpc. Therefore, structures such as the Virgo cluster are well
reproduced; while smaller structures, such as the LG itself, are un-
constrained. The procedure to obtain a ‘realistic’ LG embedded in
the correct constrained environment proceeds as follows (for details
see Yepes et al. 2014). In a low-resolution, constrained simulation,
first the Virgo cluster is identified, and then, we search for an object
which closely resembles the LG. The selected simulation is then
repeated with higher resolution.
With these constrained initial conditions, we evolve with
GADGET-3 (Springel 2005) a cosmological box of 91 Mpc on a side
with 20483 particles that have a particle mass of 3.37 × 106M⊙ .
In total 209, simulation outputs were stored between z = 31 and
z = 0. The same initial conditions, but in different mass and spatial
resolutions, were used for the simulations discussed in Ocvirk et al.
(2016).
In the next step, we identify DM halos in all outputs. We
use the AHF halo finder, based on spherical overdensity method
(Knollmann & Knebe 2009). At z > 6, DM haloes more massive
than 1.43 × 108M⊙ that will host reionization sources have been
taken into account for the subsequent RT simulations. For the RT
calculations, the DM haloes and density fields are smoothed to a
2563 grid.
The resulting properties of the simulated AHF positions and
masses of the MW and M31 are summarized in Table 1. The ma-
jority of measurements of the MW and M31 suggest that M31 is
slightly more massive, see Table A1 and A2 of Carlesi et al. (2017).
Therefore, we identify the more massive halo as M31 and the less
massive halo as the MW.
2.2 RT methods and source models
Given the underlying DM fields and haloes as described in sec-
tion 2.1, we apply RT to track the reionization history of all cells
using four different sourcemodels, starting at z = 20.586 and ending
when the global ionization fraction exceeds 99 per cent. TheRT sim-
ulations are performed with our code C2-Ray (Conservative Causal
Ray-Tracing; Mellema et al. 2006). The code has been tested in de-
tail against a number of exact analytical solutions (Mellema et al.
2006), as well as in direct comparison with a number of other inde-
pendent RT methods on a standardised set of benchmark problems
(Iliev et al. 2006b, 2009).
Table 2 summarizes the four models for the ionizing
sources, previously discussed in detail in Dixon et al. (2016). Here,
HMACHs are defined to be all haloes above 1.43 × 109M⊙ , and
LMACHs are all haloes below this and above our minimum thresh-
old from the previous section (1.43 × 108M⊙). All identified DM
haloes are potential sources of ionizing radiation. We assume that
the source emissivities are proportional to the host halo mass with
an effective (potentially mass-dependent) mass-to-light ratio, with
different values adopted for LMACHs and HMACHs. These effi-
ciencies are chosen to conclude reionization before z = 6. For all
haloes in the simulation volume, each halo that is not suppressed
by Jeans-mass filtering is an ionizing source. For a source with a
DM halo mass, Mhalo, we assign ionizing photon emissivity, ÛNγ ,
according to
ÛNγ = gγ
MhaloΩb
mp(10Myr)Ω0
, (1)
where mp is the proton mass. The proportionality coefficient, gγ ,
reflects the ionizing photon production efficiency of the stars per
stellar atom, Ni, the star formation efficiency, f∗, the source life-
time, ts, and the escape fraction, fesc (e.g. Haiman & Holder 2003;
Iliev et al. 2012):
gγ = f∗ fescNi
(
10 Myr
ts
)
(2)
and can additionally include mass dependence. In our simulations,
ts = 11.53 Myr, or equivalent to one timestep. We set gγ based
on the source models described below, and the exact values for the
remainder of the variables in the right-hand side of equation (2.2)
are unimportant from a RT standpoint. We will return to these
quantities in section 3.4.
Our full simulation notation reads Lbox_gI_(J)(Supp) (the
bracketed quantities are listed only when needed), where ′Lbox′
is the simulation box size in comoving Mpc, ′I ′ and ′J ′ are the
MNRAS 000, 1 (2016)
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values of the gγ factor for HMACHs and LMACHs, respectively.
The symbol ‘Supp′ indicates the suppression model, the details of
which are described below. Throughout the paper, we refer to the
simulations using the short-hand in the left column of Table 2.
Each source model imposes different suppression criteria and
ionizing photon production efficiencies, as follows:
• HMACHs only:
Here, only HMACHs produce ionizing photons, corresponding
to reionization being driven exclusively by relatively large galaxies.
In terms of source suppression, this model could be considered an
extreme case where all LMACHs are fully suppressed (or never
formed) at all times. Physically, this model could arise when
mechanical feedback from supernovae quenches the star formation
in low-mass haloes quickly. All HMACHs have a source efficiency
of gγ = 1.7. For notation, J = 0 in this case.
• Fully suppressed LMACHs (S):
HMACHs are once again assigned gγ = 1.7. LMACHs are
assigned a higher efficiency gγ = 7.1 in neutral regions to mimic
the properties of early galaxies that likely have higher photon
production efficiencies overall, arising from massive, Pop III stars
and/or higher escape fractions2. We assume that LMACHs in
ionized regions produce no ionizing photons, corresponding to
the case of aggressive suppression of low-mass haloes from either
mechanical or radiative feedback or a combination thereof.
• Partially suppressed LMACHs (pS):
For this model, LMACHs are assumed to contribute to reioniza-
tion at all times. In neutral regions, we assign LMACHs a higher
efficiency as in the previous model, gγ = 7.1. In ionized regions,
these small galaxies are suppressed, resulting in diminished
efficiency, and we set this efficiency to the same as the HMACHs,
gγ = 1.7. One physical situation that may be represented by this
model is that the fresh gas supply is diminished or cut off by the
photoheating of surrounding gas, but a gas reservoir within the
galaxy itself remains available for star formation.
• Mass-dependent suppression of LMACHs (gS):
Instead of a sharp decrease in ionizing efficiency as in the previous
two cases, we also consider the gradual, mass-dependent suppres-
sion of sources in ionized regions. As before, HMACHs are assigned
gγ = 1.7 everywhere, and LMACHs have that same efficiency when
residing in neutral regions. In ionized patches, LMACHs are sup-
pressed in a mass-dependent manner loosely followingWise & Cen
(2009) and Sullivan et al. (2017) *et. al, will change bib at end* (in
prep.):
gγ = gγ,HMACH ×
[
Mhalo
9 × 108 h−1M⊙
−
1
9
]
, (3)
essentially linear in logarithmic units of halo mass with gγ =
gγ,HMACH at 10
9M⊙ and gγ = 0 at 10
8M⊙ .
2.3 Satellites at z = 0 and high-redshift progenitors
After completing the RT simulations, we are interested in the reion-
ization histories of the satellites of the MW and M31. We use the
hierarchical friends-of-friends (hFoF) algorithm (Appendix B of
2 Note that later in the paper we assume a constant fesc for all haloes. For
overall progression of reionization, the distinction does not matter, and many
of our conclusions would remain unchanged.
Riebe et al. 2013) to identify the satellites in DM haloes at redshift
zero and their progenitors at higher redshift. The hFoF algorithm
has been designed to find substructures of FoF halos at higher over-
densities and performs well locating substructure as compared to
other methods (Knebe et al. 2011). To this end, the FoF algorithm is
performed with a series of different linking lengths, which identify
objects at higher overdensities. The advantage of this procedure is
that these high density FoF objects are defined in a unique way,
independent of the position of the satellite inside or outside the
hosting FoF halo. Due to the FoF algorithm, any particle belongs
to one FoF object only, which allows a direct construction of the
progenitor-successor relations for FoF objects.
Here, we use a linking length of 0.025 to identify all substruc-
tures in the DM haloes and up to 0.3 Mpc of the z = 0 positions of
the MW or M31. These substructures have 512 times higher over-
densities than the hosting haloes, defined with the standard linking
length of 0.2. Thus, their mass is substantially smaller than a FoF
mass from the larger linking length. Note that 0.3 Mpc was chosen
to match the convention of McConnachie (2012). At z = 0, we find
120 and 151 satellites for the MW and M31, respectively. We have
assumed a minimum of 20 particles for an identified FoF object.
As progenitors of the satellites, we consider FoF objects de-
fined with a linking length of 0.2 at high redshifts. These objects
have approximately virial overdensity at these redshifts and are very
similar in position and mass to the AHF objects that we used in our
RT simulations. We include all progenitors above 1.43 × 108M⊙
for each z = 0 object.
Tracking back the satellites to their progenitors, we identify at
the end of reionization 23 of the satellite’s progenitors to be able
to host star formation for both the MW and M31, corresponding
to 19 and 15 per cent of the total number of present-day satellites,
respectively. Since the timing of reionization and the conditions
necessary for star formation (both the minimum halo mass and
ionization state, see section 2.2), this percentage is source model
dependent. For these numbers, we include all progenitor haloes
larger than ∼108M⊙ before z = 6.5.
3 RESULTS
3.1 Global results
First, we examine the global results from our simulations. The ma-
jor observables include the integrated electron-scattering optical
depth derived from the CMB polarization power spectra, τes, which
suggests an extended process (e.g. Robertson et al. 2015), and ob-
servations of the IGM and galaxies near the end of reionization,
which imply reionization completion by z ∼ 6 (e.g. McGreer et al.
2015). Our simulations yield a range of results, generally consistent
with these constraints (Fig. 1 and Table 2).
The left-hand panel of Fig 1 shows the volume-weighted mean
neutral fraction of hydrogen, xv
H i
, from a variety of observations.
The xv
H i
derived from measurements of the effective optical depth
evolution of the Ly α forest (including higher-order transitions, if
available) are represented by (red) squares (Fan et al. 2006). Inter-
preting this Ly α transmission as a neutral fraction requires sig-
nificant modeling, so the resultant neutral fraction is somewhat
uncertain (Mesinger 2010). Upper limits on the neutral fraction
from the fraction of dark pixels in the Ly α forest are more model-
independent and are displayed as (green) triangles (McGreer et al.
2011, 2015). Rare gamma-ray burst (GRB) damping wings provide
upper limits shown as (purple) diamonds (McQuinn et al. 2008;
MNRAS 000, 1 (2016)
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Figure 1. The four source models in the 91 Mpc box compared to observational constraints. The solid, dotted, dashed and dot-dashed lines indicate LG1, LG2,
LG3, and LG4, respectively. Left: the volume-weighted mean neutral fraction of hydrogen compared to observational inferences from Ly α forest transmission
(squares, red; Fan et al. 2006), dark Ly α forest pixels (triangles, green; McGreer et al. 2011, 2015), quasar near zones (circles, blue; Schroeder et al. 2013),
GRB damping wing absorption (diamonds, magenta; McQuinn et al. 2008; Chornock et al. 2013), decline in Ly α emitters (hexagons, cyan; Ota et al. 2008;
Ouchi et al. 2010), and Ly α clustering (pentagons, orange; Ouchi et al. 2010), following the discussion in (Robertson et al. 2015). Middle: The integrated
electron-scattering optical depth compared to the PlanckTT+lowP+lensing+BAO 2016 results (thin horizontal line) and the 1σ error interval (shaded region)
(Planck Collaboration et al. 2016). Right: The mean volume-weighted hydrogen photoionization rate compared to the observational constraints Calverley et al.
(2011) and Wyithe & Bolton (2011) as the (green) triangle and (blue) square, respectively.
Chornock et al. 2013). Near-zone sizes around quasars give some
information on the minimum neutral fraction (blue, circles), but
these measurements are dependent on uncertain intrinsic quasar
properties (Bolton et al. 2011; Schroeder et al. 2013). Ly α emitters
(Ota et al. 2008; Ouchi et al. 2010) and their clustering (Ouchi et al.
2010) provide further constraints shown as (cyan) hexagons and (or-
ange) pentagons, respectively. Our later reionization models (LG1,
LG2, and LG4) agree well with the quick rise observed in the neu-
tral hydrogen fraction from z ∼ 6− 7. The early reionization model
(LG3) is in mild tension with these constraints, given its more nu-
merous sources leading to an earlier end of reionization. Tuning
down the source efficiencies in this model would bring the neutral
fraction into agreement in a simple manner.
The τes calculated from our simulations is listed in Table 2
and plotted in the middle panel of Fig. 1. The latest constraints
from PlanckTT+lowP+lensing+BAO data give τes = 0.058± 0.012
(Planck Collaboration et al. 2016), represented by the shaded re-
gion in Fig. 1. All models agree within 1σ or better of the measured
values. Finally, the right-hand panel of Fig. 1 shows the volume-
averaged hydrogen photoionization rate, Γ. All our simulations
predict Γ ∼ 10−12 s−1 at the end of their respective reionization.
Observations (blue square and green triangle) find a lower value
of Γobs = 10
−13 − 10−12.4 s−1 at z ∼ 6 (Calverley et al. 2011;
Wyithe & Bolton 2011, respectively). Once again the LG3 model
is an outlier, the least in agreement with the data. The discrepancy
between our results and the observations could be alleviated by in-
cluding small-scale gas clumping and Lyman-limit systems, which
limit the mean free path of ionizing photons, neither of which is in-
cluded in the simulations presented here. This clumping delays the
late stages of reionization, while not having a significant effect on the
optical depth (Mao 2017 et al.). Similarly, the Lyman-limit systems
delay reionization, resulting in slightly lower integrated electron-
scattering optical depth and can decrease the mean photoionization
rates at the end of reionization by factor ∼3 (Shukla et al. 2016).
3.2 Local results
Beyond the global results, many observations of the Local Universe
exist. In this section, we investigate the reionization history of the
LG and Virgo. We also look specifically at the MW and M31 and
their substructure, where observations of the SFHs of the nearby
dwarf galaxies are relevant.
We calculate the reionization history using the Lagrangian
mass distribution for each object, defined as all the mass that will
eventually, by z = 0, end up within 2.86 Mpc of the barycentre of
the LG and the centre of mass of Virgo. This distance was chosen
to roughly correspond to the McConnachie (2012) convention for
inclusion in the LG. The resulting mass-weighted ionization frac-
tions, xm, as a function of z for LG1, LG2, LG3, and LG4 are
shown in Fig. 2, from left to right in the lower panels. The global
result for the entire box is shown (black, solid) for comparison to
the xm for LG (blue, dashed) and Virgo (purple, dot-dashed). In
all scenarios, the reionization of Virgo occurs earlier than average
overall, because (proto) Virgo is within a significantly overdense
region, which strongly biases haloes to cluster in the same region.
The Virgo reionization curve appears very similar in shape to the
global reionization history, thus its reionization is likely internal
(i.e., by its own sources), as well.
Conversely, the LG reionization history differs from that of
the simulation box and Virgo. When there are no low-mass sources
as in LG1, the LG begins reionizing much later as there are few
high-mass haloes in this region. For the other three models, the
more numerous LMACHs are the dominant producers of ionizing
photons, at least initially. The reionization of the LG largely tracks
the global one until around 40 per cent ionization, after which
the LG reionizes more quickly. We quantify this behaviour in the
upper panels of Fig. 2 by showing the difference in slope between
the LG and Virgo as compared to the entire box, where ∆slope≡
d
(
x
LG,Virgo
m
)
/dz−d
(
x
global
m
)
/dz. The global result is represented
as the thin line at zero by definition. Essentially, negative values
indicate reionization occurring faster than the box as a whole. In
all low-mass-halo cases for the LG, the evolution starts faster than
the global one, then slows down and grows slower than the global
ionization rate, accelerating again to faster than global at later times.
The positive bumps at the end indicate earlier end to reionization.
These results provide evidence that the LG is somewhat reionized
externally, with a global ionization front swiping quickly through
the (proto) LG.
Statistically, on average the local reionization redshift corre-
lates closely with the density of that region (Iliev et al. 2006a). In
order to quantify this in the context of the LG, we calculate the lo-
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Figure 2. The mass-weighted ionization fraction for the LG, Virgo, and the entire box for all source models in the lower panels. Simulations LG1, LG2, LG3,
and LG4 are shown from left to right, respectively. Plotted are the global result (thick, black line), Virgo, which reionizes earlier (dot-dashed, purple line), and
the LG neighbourhood (blue) within 2.86, 1.43, and 7.14 Mpc from the z = 0 barycentre (dashed, thin, and dotted lines, respectively, as labelled). The upper
panels are the differences slope with respect to the global result, which corresponds to the line at zero. Negative values indicate faster reionization than the box
as a whole.
cal dimensionless density by taking the average density of the cells
that reside in the Lagrangian volume that will end up within certain
distance from the LG or Virgo divided by the mean global density.
Resultant reionization histories are shown in Fig. 2. For region of
1.43 Mpc around the present-day LG, the dimensionless density of
the Lagrangian volume that will become theLG,∆LG
1.43 Mpc
is 0.9459
at z = 16.095, decreasing to 0.9100 by z = 6.483. For a 2.86 Mpc
region around the LG, ∆LG
2.86 Mpc
starts at 0.9317 at z = 16.095 and
decreases to 0.8824 by z = 6.483 and for a 7.14 Mpc region around
the LG,∆LG
7.14 Mpc
approaches the average for the Universe, evolving
from 0.9831 at z = 16.095 to 0.9717 at z = 6.483. Thus, the LG lies
in a moderately underdense region. For all radii, the LG region ends
being reionized very fast compared to the mean, implying a signif-
icant outside influence from an ionization front. In contrast, Virgo
forms in an overdense region, with overdensity within 2.86 Mpc
of ∆
Virgo
2.86 Mpc
= 1.0222 (1.0548) for z = 16.095 (6.483), which is
reflected in its significantly earlier (self-)reionization.
3.3 Reionization history of the MW, M31, and their satellites
In this section, we investigate the intrinsic and environmental effects
that drive reionization history of individual objects, including the
MW, M31, and their satellites as identified in section 2.3. Most
directly, the more massive an object is, the higher its star formation
potential. Beyondhalomass, the reionizationhistory of an object can
affect its SFH.As outlined above in section 1 and 2.2, dwarf galaxies
– in this case, LG progenitors – are susceptible to radiative feedback,
whereby an ionized region may have suppressed star formation.
Directly relevant to this work is how much of the present-day
mass of a DM halo hosting a central galaxy or its satellites resides
within bound structures before the end of reionization, as these
progenitors may be able to form stars (depending on the source
model and the local environment at the time). In Fig. 3, we show the
total mass in DM haloes above 108 M⊙ that eventually ends up in
the MW (red, dashed), M31 (green, dot-dashed), or their satellites
in units of present-day mass, Mz=0. By the end of the EoR, the MW
and M31 have fractions of accumulated mass, M/Mz=0, that are
nearly 20 per cent. Therefore, significant star formation occurs in
the central galaxies before the end of reionization, as expected.
In Fig. 3, we also plot the average M/Mz=0 and 1σ scatter
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Figure 3. The evolution of the fraction of mass accumulated into the bound
progenitors of the MW and M31 satellites during reionzation. The thin line
represents the average value, and the shaded region indicates the 1σ spread.
TheMmax
z=0
(middle, yellow) and [M/Mz=0]
max (upper, purple) satellites are
the thick lines. The lowest lines are the mass fractions of the MW (dashed)
and M31 (dot-dashed).
for the satellites, as the thin (blue) line and the shaded region,
respectively. At z = 0, we find 120 satellites within the MW DM
halo with a mass range of 107.94 − 109.69 M⊙ . At z ∼ 6.5, 23 MW
satellites have progenitors that have accumulated enough DM to
possibly form stars. Similarly forM31, we find 151 satellites at z = 0
with a mass range of 108.02 − 109.54 M⊙ . As a slightly larger DM
halo, more substructure is expected; however, the largest satellite
is smaller than the MW equivalent. At z ∼ 6.5, 23 M31 satellites
have progenitors that have sufficient mass to possibly form stars.
Generally, the satellites increase inmass fraction over time 3 , and the
mass fraction at the end of reionization exhibits significant scatter.
By the end of reionization, the satellites present have accumulated,
on average, ∼60 per cent of their final mass.
3 Note that we are only considering surviving satellites. Satellite progenitors
can also lose mass over time due to environmental effects.
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slice depth is 0.36 Mpc (a single pixel width), and the entire box is shown, making each side 91 Mpc. The small (blue) and large (purple) circles approximately
represent the Lagrangian volume that will end up within 2.86 Mpc of the LG and Virgo, respectively.
The most unusual individual cases are plotted separately. The
lower (thick, yellow) line represents the largest present-day satellite,
which happens to reside in the MW halo and possibly an object
akin to a Magellanic cloud. Initially, its mass fraction lags behind
the average, increasing only gradually, similarly to the much larger
MW. Around z ∼ 8, the mass accumulation accelerates, and this
largest satellite ends up with a nearly average
[
M/Mz=0
]
≈ 0.55.
The upper (thick, purple) line shows one of the smallest satellites
that has all of its mass already bound into a progenitor by the end
of reionization, or
[
M/Mz=0
]
= 1.0. This satellite also belongs to
the MW, and loses mass between this time and z = 0.
The ionization state of a halo plays a major role, along with its
mass, in determining the amount of star formation occurring within
it.We define zreion as the redshift at which the bound mass exceeds a
mass-weighted ionization threshold of 0.54. In Fig. 4, we show zreion
for a 0.63 Mpc thick slice (equivalent to a single cell width) through
our simulation box, where the lighter regions reionize earlier. The
approximate Lagrangian volume (at z = 6) for the LG and Virgo
progenitors aremarked by the small (blue) and large (purple) circles,
4 The exact threshold chosen slightly impacts the overall behaviour, as a
lower value will generally increase zreion and individual satellites may shift.
No trends or correlation change significantly, especially since the satellites
tend to ionize quickly. We choose the first slice at which the threshold is
met.
respectively. TheLG1, LG2, LG4, andLG3 are displayed clockwise,
starting with the top-left panel. Immediately obvious is the fact
that LG3, with its higher efficiencies and large number of sources,
reionizes the earliest. Also, in all models, the Virgo progenitors
tend to be some of the earliest reionized regions. The LG as a whole
does not reionize especially early, though this result is not spatially
uniform.
The MW and M31 satellites’ progenitors may have a reioniza-
tion history distinct from the average of the LG volume. In Fig. 5, we
plot zreion of the satellites, compared to their present-day distance
from the central galaxy, rMWz=0 . The darkest (purple) to lightest (yel-
low) colour dots are the least to most massive Mz=0, respectively.
The grey band represents the global xm = 0.4 − 0.6, where the LG
reionization accelerates indicating external influence (c.f. Fig. 2).
The four source models LG1, LG2, LG3, and LG4 are shown from
left to right, as labelled. In the models with their more numerous
small sources, there is some indication that satellites nearer to the
MW reionize earlier. For all models, the external sweep of reion-
ization accounts for the reionization of a significant fraction of the
satellites, meaning many satellites will have similar zreion within
the shaded band. Note that several satellite progenitors at roughly
the same present-day distance can have vastly different zreion.
The zreion for the MW’s own progenitors is shown as the (red)
square. For LG1, the MW reionizes before any of the satellite pro-
genitors. For LG3, the MW reionizes at an average time compared
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Figure 5. The reionization redshift as a function of the present-day distance to the MW. The colour of the points represent the present-day halo mass for
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Figure 6. Same as Fig. 5, but for M31.
to the satellites. For LG2 and LG4, the MW reionizes right around
the time that reionization of the LG accelerates (the shaded band),
along with most of its satellites. Though not shown, we find that the
closer a satellite is to the MW at the satellite’s zreion has no bear-
ing on its reionization redshift. Essentially, the MW progenitors are
not the main sources of ionizing photons for its satellites, as most
satellite progenitors reside farther than 1 Mpc away.
We also find that zreion is only loosely correlated with the satel-
lite mass, with the more massive (lighter circles) satellites generally
reionizing earlier. Some large satellites have progenitors capable
of reionizing themselves or were near other large structures. This
trend may not be true for specific satellites. For a given Mz=0, zreion
shows significant scatter. These general conclusions are model-
independent, though the exact zreion for each satellite is different
for the four source models. Almost by definition, the earlier a model
globally reionizes, the higher zreion for the satellites. In Fig. 6, we
show the analogous results to Fig. 5, but now for M31. The results
are very similar to the MW case. Overall, there is less scatter in
zreion for the M31 satellites. Also, M31 reionizes earlier than the
MW, which may be due to the fact that our M31 is closer to Virgo
during reionization and/or our M31 is more massive.
Ocvirk et al. (2014) found a correlation between zreion for a
satellite and the present-day distance from the central galaxy in
some of their source models. Their methods are somewhat similar,
using a constrained N-body simulation and an RT post-processing
(more simplified than our methods), but in a smaller volume at
higher resolution. We identify fewer satellites, which is expected as
our minimum present-day mass threshold for inclusion as a satellite
is higher, and this smaller set may mean we miss trends present in
their data. We find only a slight correlation between zreion and the
present-day distance from the central galaxy, weaker than that of
Ocvirk et al. (2014). Our results are all consistent with zero slope,
especially in theM31 case. Therefore, we do not confidently predict
a relation between zreion and present-day distance from the central
galaxy for satellites; though, we address a similar correlation in the
next section.
3.4 Ancient star formation in the satellites of the MW and
M31
Within our models, a higher halo mass does not necessarily imply
more star formation. Depending on the ionization state of the cell
containing an LMACH source and the source model, star forma-
tion may be partially or fully suppressed. Furthermore, although the
measured quantity is the present-day mass of satellites, the histor-
ical accumulation of mass determines the potential star formation
prior to the end of reionization (see section 3.3). Because of these
considerations, the environmental and mass accretion history of the
satellites influence SFH, and these quantities are only loosely re-
lated to present-day satellite properties, such as distance from the
MW or M31 and the DM halo mass. Although we do not consider
them here, other baryonic effects can also impact the SFH and the
stellar mass fraction.
Strictly speaking, the quantity ‘measured’ from our simula-
tions is the ionizing emissivity of photons, or ÛNγ as defined in
equation (1). In Fig. 7, ÛNγ as a function of z is plotted for models
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Figure 8. Same as Fig. 7 for M31 satellites.
LG1, LG2, LG3, and LG4 from left to right. For LG1, the indi-
vidual satellites are shown. For the rest of the models, the average
value is the thin line and the shading represents the 1σ scatter.
Here, gγ , which is a component of equation (1), is determined by
the ionization state of the cell in which the progenitor resides and
the mass of that halo. This halo mass need not be the same as the
number of progenitor particles that end up in the satellite, due to
later stripping and mergers. Therefore, a progenitor – and a given
satellite may have many progenitors – may have a higher (or lower)
efficiency than dictated by the total accumulated mass. ÛNγ exhibits
significant scatter that increases at later times with more satellite
progenitors becoming massive enough to become star-forming and
with the increasing influence of source suppression.
For LG1 in the leftmost panel, four satellite progenitors are
large enough to form stars in this model. These progenitors all re-
side in haloes>109M⊙ , which are impervious to radiative feedback
in our model, and can thus continue forming stars after reioniza-
tion. The lighter (yellow) lines represent more massive haloes than
than the darker (teal) lines. Notably, the most massive present-day
satellite only has the third highest ÛNγ at the end of reionization.
For LG2 in the centre-left panel, the average value is fairly flat, and
the end of reionization is clear from the sharp drop at z ∼ 6.7. At
this time, most satellite progenitors are suppressed and incapable
of producing ionizing photons, reducing the scatter. For LG3 in
the centre-right panel, the effect of suppression is seen at earlier
times with progenitors exhibiting high efficiency and, at later times,
decreasing in efficiency even though the accumulated mass is in-
creasing. For LG4 in the rightmost panel, late times show more than
an order-of-magnitude scatter, and the average value decreases over
time due to source suppression.
Similar to Fig. 3, we show two special cases with Mmax
z=0
(upper,
yellow line) and
[
M/Mz=0
]max
(lower, purple line). Especially in
the Mmax
z=0
progenitors, the effect of suppression is clear, where
the region of one or more of the progenitors becomes ionized and
ÛNγ decreases. As the environment changes, more mass accretes,
or more progenitors form, ÛNγ may subsequently increase again.
This trend is most apparent in LG2 and LG3 (middle two panels),
as those models feature sharp suppression of star formation. For[
M/Mz=0
]max
, ÛNγ is quite flat, but the exact history is model-
dependent. For example, this satellite’s progenitor has evidence of
suppression in LG4 (rightmost panel) and becomes fully suppressed
by the end of reionization in LG2.
In Fig. 8, the same quantity is plotted for the satellites of M31.
For LG1 in the leftmost panel, the largest satellite today produces the
fewest ionizing photons during reionization. This particular satel-
lite has many smaller progenitors, but just one large progenitor that
does not significantly increase in mass during reionization. Sim-
ilarly to the MW, the LG2 model (in the centre-left panel) shows
evidence of an ionization front, which occurs slightly earlier forM31
than MW. In the centre-right panel, LG3 exhibits significant scatter
throughout reionization, and a gradual decrease at later times. Once
again similarly to theMW, LG4 (rightmost panel) shows larger than
order-of-magnitude scatter, especially at late times.
The special cases of Mmax
z=0
(upper, yellow line) and[
M/Mz=0
]max
(lower, purple line) are again included. For the
largest satellite, the effect of suppression is especially pronounced
in LG2 (centre-left panel), causing a large drop in ÛNγ that coincides
with the dip for all satellite progenitors. More interesting for M31
is the
[
M/Mz=0
]max
satellite. For both LG1 and LG2 (left two
panels), no star formation occurs in this satellite before the end of
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reionization, i.e. not present in the plot. For the other models, ÛNγ
for this satellite is mostly flat in LG3 and steadily increases in LG4.
These differences demonstrate that an individual satellite’s history
can vary significantly depending on the source model.
These ‘simulation units’ for the star formation activity are not
directly observable; therefore, we make a few additional assump-
tions to convert to observable quantities. Using equation (2.2), the
total mass of stars formed during a time-step is
SF = f∗Mprog
Ω0
ΩB
=
gγMprog
fescNi
10Myr
ts
Ω0
ΩB
, (4)
where Mprog is the progenitor mass and gγ and Ni are dependent
on the source model and the mass of the halo in which the pro-
genitors reside (see section 2.2). Given that the escape fraction is
a highly uncertain quantity, varying widely in both observations
and simulations, we simply adopt fesc = 0.1 as a reasonable inter-
mediate value for all haloes (c.f. Ma et al. (2015); Xu et al. (2016)
for recent numerical studies). For low-efficiency haloes, we choose
a constant N low
i
= 4 × 103, which is consistent with a Salpeter
IMF (Leitherer et al. 1999). For high-efficiency haloes, we assign a
higher N
high
i
= 1×104, consistent with a somewhat more top-heavy
IMF. Essentially, high-efficiency, low-mass haloes are assumed to
be more efficient producers of ionizing photons.
Depending on the source model, the number of satellites with
actual star formation before the end of reionization is 23 (19 per cent)
in LG4, 20 (17 per cent) in LG3 and LG2, and just 4 (3 per cent) in
LG1. The fact that LG2 and LG3 have the same number is simply
a coincidence, as some satellites are immediately and completely
suppressed in LG2 and some satellite progenitors do not form in
LG3before the end of its earlier reionization.We do not consider any
star formation or possible disruption of satellites post-reionization,
as we identify haloes present at z = 0 and track them back in time.
In a model with aggressive suppression (LG2), only four satellites
can maintain star formation through the end of reionization. This
number is not coincidentally the same as the number star-forming
satellites in LG1; there are the only four satellites with progenitors
that are greater than 109M⊙ before the end of reionization.
In Fig. 9, we show the cumulative star formation (cSF) in units
of M⊙ for each MW satellite in each of our source models as a
function of distance, rMW, from the MW at zreion for each satellite.
The lightest (yellow) to darkest (purple) circles indicate the most
to least massive, respectively, present-day satellites. Generally, the
more massive (lighter in colour) satellites have higher cSF. This
correspondence is not exact however, especially for the smallest
satellites that are most susceptible to suppression or a break up of
their dark matter halo. In particular, the fifth largest satellite has
some of the lowest star formation in models LG2 and LG3, where
suppression can have a major impact. This same satellite lies more
in the middle of the pack for LG4 and is not present at all for LG1.
For the three models with LMACHs, we have also included the
ordinary least squares fit to data, shown as a thin line in Fig. 9. The
shaded region represents the 68 per cent confidence interval. Only
for this plot, the most massive (which is also farthest afield during
reionization) satellite is treated as an outlier and removed from the
analysis. Given the small number of points, the result is mainly
a scatter plot, unsurprisingly. Essentially, for all three models, the
slope of the fit is consistent with zero, indicating no relationship
between cSF and the distance from theMW progenitors. Since LG1
only has four points, we have foregone this particular analysis.
In Fig. 10, we show the cSF of the satellites vs. the present-day
distance from theMWwith all the same features as the previous plot.
Note that no satellite was excluded in this fitting analysis. Although
the spread in the slope has shrunk, the data are all consistent with
no correlation. LG4 may be an exception, showing slightly negative
trend within 68 per cent confidence.
In Fig. 11, we show cSF for each M31 satellite in each of our
source models as a function of distance, rM31, from M31 at zreion
for each satellite. Some of the same features hold for M31 as the
MW. The most massive satellites have the highest cSF, and the least
massive satellites – the ones most susceptible to feedback – exhibit
the most scatter. Interestingly, M31 has the opposite trend from the
MW: more massive satellites have smaller rM31, so closer satellites
have higher cSF. Similar to the MW, the number of satellites with
actual star formation before the end of reionization ranges from
23 (16 per cent) in LG4 to 22 (15 per cent) in LG3 and LG2 to
5 (3 per cent) in LG1. In a model with sharp suppression (LG2),
only five satellites can maintain star formation through the end of
reionization.
In Fig. 12, the cSF for all M31 satellites are displayed as a
function of rM31z=0 with the colours corresponding to the present-
day mass of the satellites as previously. As before, we have included
a linear fit with the 68 per cent confidence level as the shaded
region. The trend of decreasing cSF with increasing distance from
the central galaxy is stronger for M31 than for the MW. The slope is
fairly shallow with a large spread. As before, the correlation tightens
when moving from rM31 to rM31z=0 .
Comparing the results for the MW and M31 (Figs. 10 and 12),
we see that, although an individual satellite may have a very differ-
ent cSF in a given model, several general results consistently hold.
More massive satellites tend to have more star formation, but the
present-day mass of a satellite is not an exact predictor of the stellar
mass. The present-day distance of a satellite from their parent has
some bearing on the amount of star formation prior to the end of
reionization, driven in part by the fact that more massive satellites
in M31 tend to be closer to the central galaxy. As this trend is de-
creasing, the result is not the naïve conclusion drawn from radiative
feedback concerns, as in nearer satellites should have their SF more
suppressed. When instead looking at cSF/Mz=0, the correlation is
even weaker, though trending positive, and the satellite progenitors
tend to reside fairly far from the MW and M31 progenitors. In to-
tal, these considerations paint a complicated theoretical picture: the
mass, present-day distance from central galaxy, and source model
all affect the cSF prior to the end of reionization. Although the MW
and M31 live in the same neighbourhood and have similar masses,
their reionization signatures differ notably.
4 COMPARISON TO OBSERVATIONS
Extensive theoretical and observational discussion of ‘fos-
sils’ resulting from reionization exists in the literature (e.g.
Ricotti & Gnedin 2005; Madau et al. 2008; Bovill & Ricotti
2011a). Although definitions vary, we adopt the convention of
Ricotti & Gnedin (2005) that a fossil is classified as having formed
& 70 per cent of its stars prior to the end of reionization. Though not
an exact correspondence, we will use M/Mz=0 at z = 6.5 as a proxy
for per cent of stars formed by the end of reionization. Recently,
Bovill & Ricotti (2011b) estimated that 50 - 70 percent of satellites
should be fossils. We find approximately six per cent of satellites
for both the MW and M31 – seven and nine, respectively – would
be classified as fossils, though this fraction is dependent on the
source model and on our halo classification thresholds. Of course,
LG1 with only large sources and LG2 with aggressive suppression
of low-mass haloes will have even smaller fractions. Observation-
MNRAS 000, 1 (2016)
Signatures of reionization in the LG 11
0 1 2 3 4
5
6
7
8
lo
g(
cS
F
/M
⊙
)
L1
0 1 2 3 4
L2
0 1 2 3 4
L3
0 1 2 3 4
L4
rMW (Mpc)
1
2
6
17
44
M
z
=
0
(1
0
8
M
⊙
)
Figure 9. The cumulative star formation in MW satellites in units of M⊙ as a function of the progenitors distance from the centre of mass of the MW
progenitors. Simulations LG1, LG2, LG3, and LG4 are shown from left to right. The colour of the circles represent the present-day halo mass for MW satellites
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Figure 10. Same as Fig. 9, but compared to the present-day distance from the MW.
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Figure 11. Same as Fig. 9 for M31 satellites.
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Figure 12. Same as Fig. 10 for M31 satellites.
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ally, Weisz et al. (2014b) found five fossils out of a sample of 38,
equivalent to 13 per cent. Admittedly, the sample is small and by
no means comprehensive. Furthermore, recent and ongoing obser-
vations that find more ultra-faint dwarf galaxies, (e.g. Bechtol et al.
2015; Koposov et al. 2015; Kim et al. 2015; Laevens et al. 2015),
may increase or decrease this fraction. For example, Brown et al.
(2014) find the SFHs of six ultra-faint dwarf galaxies to be consis-
tent with 80 per cent of their stars forming by z ∼ 6. Generally, we
find that our simulated fossils have no distance-to-central-galaxy or
mass-dependence, which is consistent with observations.
Although an exact comparison of our cSF to measured SFHs
of LG dwarf galaxies is outside the scope of this paper (we do
not track star formation down to z = 0), we can make some
general comparisons to recent observations in the literature. First,
Weisz et al. (2014b) found five LG dwarf galaxies exhibit signifi-
cant pre-reionization star formation (defined as >90 per cent stellar
mass prior to z = 6), though early time resolution of derived SFHs
is limited and potentially biased (Aparicio et al. 2016). For a some-
what equivalent measure from our simulation, we find two satellites
to have M/Mz=0 > 0.9 prior to the end of reionization. Since we
do not include field dwarf galaxies (left to an upcoming paper)
and the exact number is highly mass threshold dependent, we are
consistent with these observations. Second, the entire sample of 38
showed evidence of some star formation prior to z = 6, which is
also compatible with our 46 satellites. Of course, the Weisz et al.
(2014b) sample is not comprehensive, so we would not expect exact
agreement.
As for the lack of a widespread reionization signature in
Grebel & Gallagher (2004) among others, we would argue that the
exact ‘quenching’ effect of reionization is uncertain, whether the
quenching is permanent, partial, or even universal. These SFHs,
however, can rule out certainmodels. For example, ourmost extreme
suppression model – LG1 with no star formation below 109M⊙ –
is ruled out by most observations, because only nine LG satellites
would have star formation prior to the end of reionization. For sim-
ilar reasons, the aggressive suppression model – LG2 with no star
formation below 109M⊙ in ionized regions – is also unlikely, as
only those nine satellites could continue forming stars without sig-
nificant subsequent accretion. Therefore, just based the existence of
ancient stellar populations in dwarf galaxies, one can eliminate cer-
tain radiative feedback models. Note that the exact mass threshold
can change these conclusions.
Along these lines, Skillman et al. (2016) find evidence of a
slowdown in star formation after reionization in several M31 satel-
lites. This behaviour is consistent with our LG3 and LG4 models,
which both feature partial suppression. The authors also find a satel-
lite exhibiting increased star formation post-reionization, which is
also consistent with LG3 and LG4. Both models feature partial sup-
pression, but also feature satellites that are capable of significant
star formation post-reionization. On a different note, Monelli et al.
(2016) carefully study the SFH of Andromeda XVI and find an ex-
tremely low-mass galaxy with later quenching that is not coincident
with reionization. Though no likely candidates in M31, the MW
satellites have at least two satellites with Mz=0 . 10
8M⊙ that have
accumulated . 50 per cent of their final mass.
Intriguingly, Skillman et al. (2016) and Weisz et al. (2014a)
find differences between the SFHs of the MW and M31, albeit in
a small sample (> 10 satellites per central galaxy). The main dif-
ference is that the M31 sample contains no late-time quenching
galaxies, whereas the MW sample has several at comparable lu-
minosities. While our results are not directly applicable to these
observed results, we do find some differences between the MW and
M31, though our identification is somewhat arbitrary. The fraction
of satellites with star formation prior to the end of reionization is
higher for the MW. Alternatively, we do find that the M31 satellites
aremore similar to each other, withmoreM31 satellites sharing sim-
ilar zreion and a tighter cSF-rM31z=0 relation. Skillman et al. (2016)
do find more variety of quenching times for MW as compared to
M31. Although clearly not conclusive, our results are consistent
with observations and point to potentially significant differences in
the satellites of the two similarly sized pair galaxies.
5 SUMMARY
We present a suite of simulations designed to investigate the reion-
ization of the Local Group and the potential observable signatures
today. To achieve these goals, we use a large (91 Mpc) N-body
simulation to follow the dark matter evolution and applied full 3D
radiative transfer to track reionization. Tomimic our Local Universe
as closely as possible, we used initial conditions constrained by the
observed galaxy peculiar velocities that, by construction, reproduce
realistic Milky Way, M31, Virgo (the largest nearby cluster), local
void, and Virgo filament. As the exact nature of how reionization
proceeds in the early Universe is still uncertain, we employ four
source models, where the main distinction is the effect of radiative
feedback on ongoing reionization. Essentially, we vary the degree
of suppression of star formation in low-mass haloes resulting from
reionization.
We find that the LGmostly reionizes itself with a small amount
of influence from its environment, though the overall timing of
reionization is dependent on the local environment and source
model. We also find that Virgo reionizes itself much earlier than
the entire box, as its progenitors reside in a overdense region. M31,
nearer to Virgo and more massive, reionizes earlier than the MW.
That the reionization of the LG proceeds mostly in an inside-out
fashion with some outside influence is further supported by the evo-
lution of the slope of the reionization history, which indicates the
rapidity with which the reionization occurs. Global reionization is
by definition done by internal sources and serves as the baseline. The
Virgo slope is similar to the global one, but shifted to earlier time
and reionizing faster, as could be expected for internal reionization
of an overdense region. In contrast, the slope for the LG is sharply
negative at late times, consistent with partial external reionization,
which occurs quickly with the passage of a large-scale ionization
front.
The redshift at which the satellite progenitors are reionized,
defined as 50 per cent of the bound dark matter residing in ionized
cells, is very loosely related to intrinsic or environmental properties.
On the whole, more massive satellites reionize earlier. Similar to
Ocvirk et al. (2014), we also find that satellites that are closer to
their host galaxy at z = 0 tend to reionize earlier. This trend is not
directly due to proximity to the host halo during reionization, as the
relation is weaker (if present at all) at that time. Most satellites are
reionized at the same time as the LG as a whole, during the global
xm ≈ 0.4 − 0.6.
Between 3 and 19 per cent of our present-day LG satellites
show SF prior to the end of reionization, depending on the source
model. The MW and M31 have similar numbers of these satel-
lites with ancient populations, though M31 has 20 per cent more
present-day satellites. Given that a significant fraction of the satel-
lites observed today exhibit ongoing SF both prior to and after
reionization, our model with only high-mass (> 109M⊙ ) capable
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of SF is disfavoured. Since we do not have SF between the EoR and
z = 0, we cannot compare full SFHs with observational data.
In general, a weak relation between the present-day distance
from the central galaxy and cSF is present, i.e. nearer satellites
have more cSF prior to the end of reionization. This trend is more
pronounced at later times, meaning the proximity to the host galaxy
progenitors at the time of reionization is a weaker predictor of cSF
than the present-day distance. This correlation also indicates that
environmental effects play a large role in observable quantities,
emphasizing that constrained simulations are the best option for
simulating reionization in the LG. Most significantly, the cSF prior
to the end of reionization is not directly related to the mass and
exhibits substantial scatter even at similar masses.
We find some differences between the MW and M31 cSF for
the their satellites, thoughwe emphasize that the distinction between
the two is somewhat arbitrary. The mass range for the present-day
satellites is larger for the MW than M31. We also find that the
MW has a slightly higher fraction of satellites with ancient stellar
populations. The cSF versus the present-day distance to the host
galaxy relation is, unexpectedly, tighter for M31 versus the MW.
We do caution that we do not constrain these small scales to exactly
reproduce the observed population of satellites today. These results
are merely suggestive of potential differences between two similarly
sized, paired haloes.
Unsurprisingly, many factors affect satellite properties. We
demonstrate that a range reasonable assumptions for the effect of
radiative feedback on low-mass haloes can lead to very distinct
SFHs in satellites galaxies. We also show that the environment of
a galaxy can affect its reionization history. This result emphasizes
the need for constrained simulations in interpreting locally observed
properties.
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